The mimicking enzyme activities of eighteen classic POMs with different structures, Keggin (H 3 pW 12 o 40 , H 4 SiW 12 o 40 , H 4 GeW 12 o 40 , K 4 GeW 12 o 40 , H 3 pMo 12 o 40 , H 4 SiMo 12 o 40 and eu 3 pMo 12 o 40 ), Wells-Dawson (H 6 p 2 Mo 18 o 62 , α-(nH 4 ) 6 p 2 W 18 o 62 and α-K 6 p 2 W 18 o 62 ·14H 2 O), lacunary-Keggin (Na 8 H[α-pW 9 o 34 ], na 10 [α-SiW 9 o 34 ], na 10 [α-GeW 9 o 34 ] and K 8 [γ-SiW 10 o 36 ]), the transition-metal substitutedtype (α-1,2,3-K 6 H[SiW 9 V 3 o 34 ] and H 5 pMo 10 V 2 o 40 ), sandwich-type (K 10 p 2 W 18 fe 4 (H 2 o) 2 o 68 ) and an isopolyoxotungstate (na 10 H 2 W 12 o 42 ) were screened and compared. the mechanisms and reaction conditions of poMs with mimicking enzyme-like activities were also analyzed. the results shown that the structures, the hybrid atoms, the coordination atoms, the substituted metal atoms, pH and substrate are the effect factors for the enzyme mimic activities of POM. Among the eighteen POMs, H 3 pW 12 o 40 , H 4 SiW 12 o 40 , H 4 GeW 12 o 40 , α-(nH 4 ) 6 p 2 W 18 o 62 , α-K 6 p 2 W 18 o 62 ·14H 2 o, na 8 H[α-pW 9 o 34 ], na 10 [α-SiW 9 o 34 ], na 10 [α-GeW 9 o 34 ], K 8 [γ-SiW 10 o 36 ], K 10 p 2 W 18 fe 4 (H 2 o) 2 o 68 and na 10 H 2 W 12 o 42 had the peroxidase activities. eu 3 pMo 12 o 40 , H 3 pMo 12 o 40 , H 4 SiMo 12 o 40 , α-1,2,3-K 6 H [SiW 9 V 3 o 34 ], H 6 p 2 Mo 18 o 62 and H 5 pMo 10 V 2 o 40 showed the oxidase-like activities. K 4 GeW 12 o 40 did not show the peroxidase and oxidase activities. the na 8 H[α-pW 9 o 34 ], na 10 [α-SiW 9 o 34 ] and na 10 [α-GeW 9 o 34 ] showed intrinsic enzyme activities at alkaline conditions, which were different from other type of POMs. The sandwichtype K 10 p 2 W 18 fe 4 (H 2 o) 2 o 68 displayed the strongest peroxidase activity, which is similar to natural horseradish peroxidase.
POMs with different structural morphologies can incorporated with different metal atoms. The new inorganic compositions have presented attractive enzyme mimic features. For example, Li et al. synthesized three new tetra-nuclear Zr IV -substituted POMs, which exhibit peroxidase-like activities 23 . Wang et al. established a colorimetric detection method based on the metal-substituted polyoxometalates of SiW 9 M 3 (M = Co 2+ , Fe 3+ , Cu 2+ and Mn 2+ ) 24 . Xu et al. developed a Fe-containing heteropolyacid by cation-exchange and employed KFePW 12 O 40 nanostructures for Fenton, photo-Fenton and enzyme-mimetic reactions 25 .
POMs can assemble with functional materials to improve their properties and potential practical applications 26 . For instance, the dipeptide-POMs-graphene oxide ternary hybrid prepared by a precipitation method show a higher peroxidase activity compared to POMs alone 27 . Inorganic-organic hybrids based on POMs and transition-metal complexes are another similar strategy to construct new enzyme mimics. Gao et al. synthesized and structurally characterized two new hybrids based on copper(II)-imidazole complex modified sandwich-type tungstobismuthate or tungstoantimonite, Na 4 H 2 [Cu 4 (H 4 im) 12 (H 3 im) 2 ][Cu 3 (H 2 O) 3 (XW 9 O 33 ) 2 ] · nH 2 O (H 4 im = imidazole, H 3 im = deprotonated imidazole, X = Bi, Sb), which demonstrate higher peroxidase-like activity than Keggin-type POMs around physiological pH values in a heterogeneous phase 28 40 )]) and systematically studied their peroxidase-like activities 29 . Rao et al. investigated the enzyme mimetic activity of a new inorganic-organic covalent hybrid of POM-calixarene 30 . Wei et al. reported the improved peroxidase-mimic property of the vesicles of hexavanadate-organic hybrid surfactants 31 . Metal-organic framework (MOF) based bio-sensing is a new interesting field. Pillar-layered MOFs have been proven to be an effective route to construct enzyme mimics with high stability and multifunction. The advancement of MOF structure is also help in design of new enzymes with POMs moiety. For example, Qin et al. report a novel efficient peroxidase mimic POM-pillared MOF, Cu 6 (Trz) 10 6 Cl] [SiW 12 O 40 ] 33 .
Most of the POMs are stable and show higher enzyme activities at acid condition (about pH value 3 or 4). However, in the physiological solutions (pH 7.0-7.5), for most bioanalytical applications, the POM nanozymes become catalytically inactive. Fortunately, POMs show a great diversity in its structure derived from its multiple oxidation states and coordination geometries 30, 34 . These features make it much easier to control the size, shape, and charge distribution at the molecular level. Flexibility in the structure makes it possible to fine-tune the redox potentials, acidities, and enzyme activities of POMs. For example, the trivacant Keggin Na 10 [α-SiW 9 O 34 ] exhibits unusual peroxidase-like activity at basic condition 35 . Therefore, it is necessary to systematic investigate of POMs mimic enzymes activity with different structure category. Herein, the mimicking enzyme activities of classic polyoxometalates with different classic structures and different element atoms were screened and compared.
Results and Discussion
characterization of poMs. The POMs were prepared according to the literature and identified by FI-IR spectra, UV-Vis spectra, as shown in Supplementary Figs S1 and S2. enzyme mimetic activities of poMs. As shown in Fig. 1 2 O 68 are capable of catalyzing typical peroxidase reactions using both chromogenic hemeperoxidase substrates TMB and OPD in the presence of H 2 O 2 to produce a blue color (maximum absorbance 650 nm) and brown color (maximum absorbance 450 nm) reaction, respectively, as shown in Fig. 1a . Initially, these reactions were carried out by adding 200 μM of POMs with the substrates OPD (576 μM) and H 2 O 2 (200 mM) at room temperature in a buffered solution. It indicates that these POMs have intrinsic peroxidase-like activities towards these substrates ( Fig. 1 ). However, the peroxidase-like activities of these POMs are different in the present of different substrates at the same concentration. For TMB as organic substrate, the absorption values of TMB + indicated that the order of peroxidase-like activities from high to low was K 10 O 42 are higher affinity to the substrate of OPD than TMB. There are tiny absorbance peaks (OD values of 0.0100, 0.0070, 0.0017 and 0.0317) can be found in the above four POMs with TMB as substrates. The result indicated that peroxidase-like activities of POMs may substrate-dependence. However, no matter which the substrate was, the sandwich-type K 10 P 2 W 18 Fe 4 (H 2 O) 2 O 68 showed the highest peroxidase activity. Under the same substrate, it was found that the hybrid atoms had effect on the peroxidase activities of the POMs and the order was P > Si > Ge. In the same hybrid atom and TMB substrate, the peroxidase activity order is Keggin structure > Wells-Dawson > lacunary-Keggin. The reactions were also carried out in the absence of the POMs at their various suitable pH values, respectively. No significant unspecific oxidation reactions were observed [Supplementary Figs S3, S4] even after half an hour. Additional control experiments using POMs in absence of H 2 O 2 showed that no oxidative reaction occurs. Hence, these POMs had only the peroxidase-like activities defeating many mimic enzyme peroxidases which also display oxidase-like activities. The enzymatic properties of these POMs are specificity and rarely reported in the literatures 11 to produce a blue color (maximum absorbance 650 nm) and orange color (maximum absorbance 450 nm) reaction, respectively, as shown in Fig. 1b . Furthermore, the oxidase-like activities of these POMs are similar in the present of different substrates. For TMB as organic substrate, the absorption values indicated that the order of oxidase-like activities from high to low was H 6 40 . In the OPD substrate, the color of H 6 P 2 Mo 18 O 62 catalytic reaction solution became dark blue with a maximum absorption peak at 710 nm. The maximum absorption peak matched with the hybrid blue, the reduction product of H 6 P 2 Mo 18 O 62 , which covered the absorption peak of the oxide product of OPD. Therefore, only TMB was chosen as the substrate for H 6 P 2 Mo 18 O 62 . Finally, K 4 GeW 12 O 40 did not show the peroxidase and oxidase activities.
Effect of pH.
The effect of pH on the catalytic activities of different types of POMs was measured by varying the pH and keeping the OPD and H 2 O 2 concentration constant. The absorbance value of DAB with H 3 PW 12 O 40 and Na 10 H 2 W 12 O 42 reached a maximum at the pH 2.5, as shown in Fig. 2a ,b. After exceeding this point, the absorbance decreased gradually as increasing pH values. Therefore, pH 2.5 was selected as the optimal pH value for H 3 www.nature.com/scientificreports www.nature.com/scientificreports/ effect of concentration of poMs. The OPD oxidation rate catalyzed by the peroxidase-like POMs was dependent on the concentration of these POMs with the other parameters were kept constant, as shown in Fig. 4 . In a typical experiment, the POMs oxidation activity was determined by monitoring of the absorbance at 450 nm (which increases because of DAB, the oxidation product of OPD, formation) for 10 min at 25 °C in different buffer for varying concentrations of POMs with respect to OPD (576 μM) and H 2 2 O 68 on peroxidase-like activities with TMB as substrates were also investigated, as shown in Supplementary Fig. S7 . 0.4 mM and 0.1 mM were chosen for H 3 PW 12 O 40 and K 10 P 2 W 18 Fe 4 (H 2 O) 2 O 68 as the optimum concentrations, respectively.
As shown in Fig. 5 , the effect of the amounts of POMs with oxidase-like activities on the yield of DAB was also investigated. The procedures were similar with above except H 2 Effect of reaction time. The variation of the DAB yield with increasing reaction time is shown in Fig. 6 . It can be observed that absorption value of DAB reaches a maximum during a reaction time of less than 10 minutes and 1 minute for peroxidase and oxidase when 200 mM H 2 O 2 and 576 μM OPD were used, respectively. After that, along with the increasing of reaction time, the yield of DAB remains nearly constant. This indicates that the optimized reaction time were 10 minutes for H 3 40 were obtained using a Line weaver-Burk plot with OPD as substrates, as shown in Fig. 7 . The K m and V max of K 10 P 2 W 18 Fe 4 (H 2 O) 2 O 68 with H 2 O 2 as substrates were 0.113 mM and 1.13 × 10 −9 M·S −1 in OPD system, as shown in Fig. 7a . The K m and V max of K 10 as substrates were 6.624 mM and 3.89 × 10 −9 M·S −1 in OPD system, as shown in Fig. 7c . The K m and V max of H 3 PW 12 O 40 with OPD as substrates were 0.174 mM and 6.14 × 10 −9 M·S −1 , as shown in Fig. 7d www.nature.com/scientificreports www.nature.com/scientificreports/ substrates. It suggests that K 10 P 2 W 18 Fe 4 (H 2 O) 2 O 68 might have a similar affinity for the surfaces of OPD with HRP. The mechanism of steady-state kinetics of K 10 P 2 W 18 Fe 4 (H 2 O) 2 O 68 were also investigated with TMB as substrates, as shown in Supplementary Fig. S8 34 ] has the fastest catalytic rate than the other POMs. Among the saturated Keggin-type POMs, the counter ion Eu 3+ maybe inhibit the poly anions interactions with the organic component. The K m and V max were also obtained with TMB as substrate, as shown in Supplementary Fig. S9 . The K m of oxidase-like enzymes was dramatically lower than natural enzyme HRP With TMB as substrates, the K m were 0.616, 0.49, 0.086, Figure 7 . The steady-state kinetic assay and catalytic mechanism of peroxidase-like enzymes. (a,b) K 10 Detection of the reactive hydroxyl radicals ·oH production. The mechanism of peroxidase-like activity of POMs originates from their catalytic ability to the decomposition of H 2 O 2 to produce hydroxyl radical (·OH). Terephthalic acid (TA) can capture ·OH to generate 2-hydroxy terephthalic acid (HTA) which can be detected by fluorescence method. So we chose TA as fluorescence probe to detect the generation of ·OH. As show in Supplementary Fig. S10 2 O 68 has been established with TMB and OPD as substrates, as shown in Fig. 9 . When the substrate was TMB, the linear detection range was estimated to be from 15 to 1000 μM with correlation coefficients 0.9951. The lower limit of detection (LOD) of K 10 Detection of the reactive hydroxyl radicals ·oH production. The hydroxyl radicals (·OH) production was measured by fluorescence method. The terephthalic acid was used as a fluorescence probe for detection the ·OH from the H 2 O 2 for Na 10 
